Geniposide (GE) is a major component isolated from Gardenia jasminoides Ellis, which has been used to treat cholestasis liver diseases. Our previous study has shown that GE could notably increase mRNA and protein expressions of BSEP in cholestatic rats. BSEP plays a critical role in maintenance of the enterohepatic circulation of bile acids. BSEP could be regulated by the transactivation pathway of farnesoid X receptor (FXR) and nuclear factor erythroid 2-related factor (Nrf2). Here the mechanisms for BSEP regulation by GE were investigated. GE induced the mRNA levels of BSEP in HepG2 cells and cholestatic mice, and knockdown of FXR and Nrf2 reduced the mRNA expression of BSEP at varying degrees after treatment of GE. FXR acts as the major regulator of BSEP transcription. The involvement of FXR regulated BSEP expression by GE was further investigated. An enhancement was observed in FXRdependent BSEP promoter activation using luciferase assay. ChIP assay further confirmed the interaction between FXR and BSEP after GE treatment. Using siRNA and ChIP assays, we demonstrated that peroxisome-proliferator-activated receptor g co-activator-1a (PGC-1a) and co-activator-associated arginine methyltransferase 1 (CARM1) were predominantly recruited to the BSEP promoter upon FXR activation by GE. In conclusion, GE regulated the expression of BSEP through FXR and Nrf2 signaling pathway. The FXR transactivation pathway was enhanced by increasing recruitment of coactivators PGC1a and CARM1 upon GE treatment, coupled with an increased binding of FXR to the BSEP promoter.
Introduction
Bile acids are synthesized in the liver and play important roles in transport, absorption, and elimination of cholesterol and lipids. However, excessive intracellular accumulation of bile acids is toxic to hepatocytes and causes cholestasis liver diseases.
1,2 Bile acids homeostasis is mainly maintained through keeping bile acids continuously cycled in the enterohepatic circulation and enterohepatic bile ow is essential for the elimination of toxic compounds, which is conducted by the efflux transporters residing in the canalicular membrane of hepatocytes. 3, 4 Bile salt export pump (BSEP) is the major bile acids transporter at the mammalian canalicular membrane, which is the rate-limiting step in bile secretion and protects from accumulation of toxic bile acids during cholestasis by facilitating their efflux into the canaliculus.
5, 6 The impairment of BSEP expression or function has been directly linked to several cholestatic liver diseases such as progressive familial intrahepatic cholestasis type 2, intrahepatic cholestasis of pregnancy, and cholesterol cholelithiasis. [7] [8] [9] Considering the crucial role of BSEP plays in cholestasis liver disease, regulation of BSEP expression has been a subject of intense research. The expression of BSEP gene is positively regulated by FXR, Nrf2.
10,11 LRH-1 transcriptionally regulates BSEP expression through LRHRE1 in the BSEP promoter. Species differences exhibited in LRH-1-mediated transactivation. 12 The LRHRE1 site was not completely conserved between human and mouse or rat, LRHRE1-like site in mouse is functional in responding to LRH-1. The transactivation was not observed with the rat BSEP promoter due to the absence of the LRHRE. 13 Previous studies have reported that Nrf2 acts as a positive transcriptional regulator of the human BSEP promoter. BSEP expression is decreased aer lowered Nrf2 expression in HepG2 cells.
14 In addition, many pieces of evidence support that the nuclear receptor FXR acts as the major stimulator of BSEP transcription. 15, 16 It has been reported that excretion of bile acids from hepatocytes was markedly impaired in FXR knockout mice, leading to excessive intracellular accumulation of bile acids. 17 The decreased hepatic bile acids secretion correlated with down-regulated expression of the predominant canalicular bile acids efflux transporter, known as BSEP. Therefore, the induction of BSEP expression by activation of nuclear receptor FXR becomes an important target for curing cholestatic liver disorders.
FXR transcriptional activity is modulated by coactivators, which act as important regulators mediated BSEP transcription.
Several FXR coactivators have been reported, including peroxisome-proliferator-activated receptor g co-activator-1a (PGC-1a), co-activator-associated arginine methyltransferase 1 (CARM1), protein arginine methyltransferase type 1 (PRMT1), and steroid receptor co-activator 1 (SRC-1). [18] [19] [20] The critical regulator of energy homeostasis PGC-1a has been reported to interact with FXR to increase FXR-dependent BSEP expression in a ligand-dependent manner. 21 There are growing evidence for the activation of FXR through their modeling of chromatin by PRMT1, CARM1, as well as SRC-1 through histone modication involving methylation and acetylation. 22, 23 These results indicated that facilitated ligand-induced FXR transcriptional activity by increasing its interaction with transcriptional coactivators was indispensable for full potentiation of the BSEP promoter.
GE is a major active component of the fruit of Gardenia jasminoides Ellis, which is widely used as a traditional Chinese medicine for the treatment of inammation and hepatic disorders.
24,25 GE exhibits many important activities, such as anti-oxidative, anti-inammatory, and anti-cholestasis effect.
26-28 GE could alleviate cholestasis via regulating uptake and efflux transporters and enzymes involved in bile acids homeostasis in rats and mice. 29, 30 Our previous study found that GE (100 mg kg À1 ) could increase gene and protein expression of FXR and notably modulate mRNA and protein levels of BSEP in rats. BSEP played a critical role in regulation of hepatic bile acids homeostasis by mediating the biliary excretion of bile acids. BSEP regulation is complex and several transcriptional factors target BSEP gene expression. To our knowledge, the potential mechanisms of GE effect on BSEP upregulation remain unclear. The aim of this study was to investigate the transcription factors involved in BSEP expression regulated by GE. Considering the highly conserved transactivation pathways between human and mouse, the effects of FXR and Nrf2 pathway on BSEP expression were evaluated in mice and HepG2 cells. The results will help to elucidate the anti-cholestasis effect of GE.
Materials and methods

Chemicals and reagents
Geniposide and tert-butyl hydroquinone (t-BHQ) were purchased from Aladdin (Shanghai, China). GW4064 was obtained from Selleck Chemicals (Houston, TX) and prepared as a 5 mM stock solution in DMSO. Dulbecco's modied Eagle's medium (DMEM) and OPTI-MEM were from Gibco (Grand Island, NY). Fetal bovine sera (FBS) was from Sciencell (Carlsbad, CA). Lipofectamine 2000 was from Invitrogen (Carlsbad, CA). A Dual Luciferase assay kit was purchased from Promega (Madison, WI). Antibodies against FXR and BSEP were obtained from Abcam (Cambridge, MA). The antibodies against Nrf2 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Bioworld Technology (St. Paul, MN). Antibodies to CARM1 and PGC-1a were purchased from proteintech (Chicago, IL). Antibodies to Lamin B, b-actin, PRMT1 and SRC-1 were from Abways (Danvers, MA). Other supplies and reagents are described below. , dissolved in olive oil), GE (150 mg kg À1 ) + ANIT. GE or vehicle was treated to mice by oral gavage once daily for 7 days. On the 5th day, 4 h aer GE or vehicle treatment, mice were received oral gavage a single dose of ANIT. On the 7th day, 4 h aer GE or vehicle treatment, blood samples were obtained to determine serum biochemical parameters. Liver tissues were isolated and stored at À80 C until use. The blood samples were centrifuged at 3500 rpm for 10 min to obtain serum, and then stored at À80 C for further use.
Animals and treatments
Liver function assay and serum inammatory cytokines determination
Serum levels of alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), total bilirubin (TBIL), direct bilirubin (DBIL), and total bile acid (TBA) were measured to evaluate hepatic injury. The serum IL-1b and IL-6 concentrations were assayed using commercially available kits (Jiancheng Bioengineering Institute, Nanjing, China).
Measurement of bile ow
Mice were fasted for 12 hours with free access to water. A laparotomy was performed under anesthesia, the cystic duct was ligated and the common bile duct was cannulated with a 30-gauge needle. Aer a 5 min equilibration period, bile was collected for 30 min to measure the ow rate, and the volume was determined gravimetrically assuming a density of 1.0 g mL À1 and normalized to liver weight.
HepG2 cells culture and treatments
HepG2 cell line was purchased from the Institute of Biochemistry Cell (Shanghai, China), and were cultured in Dulbecco's modied Eagle's medium (DMEM) supplemented with 10% FBS at 37 C in a humidied atmosphere (5% CO 2 ). Cells were plated at a density of 5 Â 10 5 cells per well. The following day, the cells treated with GE at nal concentrations of 25, 50, and 100 mM for 24 h. The positive controls GW4064 and t-BHQ were added to a nal concentration of 5 and 25 mM, respectively. The cultures were harvested aer 24 h incubation.
Cell viability assay
Cell viability was assessed by the CCK-8 assay. HepG2 cells (5 Â 10 3 per well) were cultured in 96-well plates overnight and then were treated in culture medium with different concentrations of GE (1, 10, 25, 50, 75 , and 100 mM). Aer 24 h incubation, the CCK-8 solution was added to each well at a 1 : 10 dilution followed by further incubation at 37 C for 2 h. The absorbance of each well was measured at 450 nm using a microplate reader (Varioskan Flash, Thermo Electron).
RNA extraction and quantitative real-time PCR analysis
Total RNA were extracted from frozen liver tissues or HepG2 cells using Trizol reagent (Ambion, Austin, TX) and reversetranscribed into cDNA using a 5Â All-In-One RT Master Mix rst strand cDNA synthesis kit (Applied Biological Materials Inc., CA) according to the manufacturer's instructions. qRT-PCR using a EvaGreen 2Â qPCR Master Mix kit (Applied Biological Materials Inc.) was performed in a Bio-Rad CFX96 real-time system machine to determine the mRNA expression of target gene, whose primers were designed by Sunshine Biotechnology (Shanghai, China) and sequences are listed in Table 1 . The TaqMan GAPDH probe was used as reference for normalizing data. All the experiments were repeated at least ve times independently to ensure the reproducibility of the results.
Western blotting
Protein was extracted using a Nuclear or Membrane and Cytoplasmic Protein Extraction kit (Beyotime Biotechnology, Shanghai, China), respectively. Protein concentrations were determined with a BCA Protein Quantication kit (Beyotime Biotechnology, Shanghai, China). Protein extracted from cultured cells and liver tissues were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene uoride (PVDF) membranes (Millipore, Billerica, MA). The membranes were incubated with 5% fat-free dry milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) at room temperature for 2 h, and then probed with specic primary rabbit polyclonal IgG antibodies for overnight at 4 C. Lamin B, b-actin and GAPDH were used as a loading control to calibrate the target protein signals for data analysis. The dilution ratios for the different antibodies used: BSEP, 1 : 1000; FXR, 1 : 1000; Nrf2, 1 : 1000; CARM1, 1 : 800; PRMT1, 1 : 800; SRC-1, 1 : 1000; PGC-1a, 1 : 1000; GAPDH, 1 : 5000; Lamin B, 1 : 3000; b-actin, 1 : 3000. Aer incubation with HRP-conjugated secondary antibody (Bioworld Technology, Minnesota, USA, 1 : 5000) for 1 h, visualization was performed using enhanced chemiluminescence imaging system (Bio-Rad, Hercules, CA) and quantication was achieved using ChemidocXRS+ System with Image Lab Soware.
Immunouorescence and confocal microscopy
HepG2 cells were cultured on 4 chamber glass bottom dishes (In vitro Scientic, Sunnyvale, CA) overnight prior to addition of compounds, and then treated either with 0.1% DMSO or GE (100 mM) for 24 h. Cells were washed thrice with PBS (pH 7.4), xed with 4% paraformaldehyde and then incubated with polyclonal antibody FXR and BSEP for overnight at 4 C.
Alexa488 goat anti-rabbit IgG (Abcam, Cambridge, MA) was used as the secondary antibody for 1 h at room temperature in the dark, and nucleic DNA was stained with 1 mg mL À1 DAPI (4 0 -6-diamidino-2-phenylindole, Bioworld, St. Paul, MN). The uo-rescent image was visualized using a 63Â oil immersion objective with the Zeiss LSM 700 scanning laser confocal microscope and image soware (Zen 2010, Carl Zeiss Micro Imaging GHBH, Jena, Germany).
Gene knockdown with small interfering RNA
Small interfering RNA (siRNAs) for FXR, Nrf2, CARM1, PRMT1, SRC-1, and PGC-1a were constructed by TranSheep Bio Co. Ltd (Shanghai, China). The sequences for siRNAs are given in Table  2 . HepG2 cells were seeded in 6-well plates approximately 20 h prior to transfection. Transfection reagent and negative control siRNA or siRNA targeting were pre-incubated at room temperature for 20 min to facilitate formation of lipid-siRNA complexes. Cells were then incubated in 100 nM siRNA or control (non-targeting) siRNA with lipofectamine 2000 (Invitrogen). Media was replaced aer 6 h and following a further 48 h before treatment with either DMSO or GE (100 mM) for 24 h. Then cells were collected for qRT-PCR. A 2.0 kb DNA fragment containing the human BSEP proximal promoter region was generated by PCR and cloned into pGL3-basic luciferase promoter vector as described previously.
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FXR expression plasmid was constructed by cloning genes encoding FXR into pcDNA 3.1 mammalian expression vector. HepG2 cells were cotransfected with 100 ng for BSEP promoter construct, 100 ng for nuclear receptor FXR expression plasmids, and 10 ng for the null-Renilla luciferase plasmid as the internal control, and transient transfection was conducted with Lipofectamine 2000. Aer transfection for 24 h, cells were treated with vehicle DMSO (0.1%), GW4064 (5 mM) and GE with increasing concentrations of 25, 50, and 100 mM for 24 h, and then harvested for the determination of luciferase activity. The rey and renilla luciferase activities were measured using a Dual Luciferase Reporter assay (Promega). Cell lysates were transferred to a 96-well reader plate, and luciferase activities were detected by Luminoskan Ascent (Thermo Scientic, MA). The pRL-TK Renilla luciferase plasmid was used to normalize rey luciferase activities and activity was expressed as fold induction aer treatment with compounds compared with the control. Data are presented as mean AE S.E.M of at least ve separate experiments.
ChIP assay
ChIP analysis was performed using the pierce agarose ChIP kit (Thermo Scientic, Fair Lawn, NJ) according to the manufacturer's instructions. HepG2 cells were seeded in 100 mm dishes and treated with either 0.1% DMSO or GE (100 mM) for 24 h. Chromatin samples were digested with nuclease into length averaging between 150 to 900 bp. The sheared chromatin was incubated with FXR, CARM1, PGC-1a rabbit polyclonal antibody, and rabbit IgG (as a negative control) at 4 C overnight, respectively. Antibody-chromatin complexes were captured by incubation with protein A/G plus agarose. Following washing of the agarose beads, reversal of cross-linking and purication, the precipitated DNA was used in a PCR (standard and quantitative) using specic primers anking the FXR element (FXRE) site of human BSEP promoters. PCR products were run in a 2% agarose gel and stained with ethidium bromide to conrm the amplicon size. qRT-PCR was performed to quantify the precipitated DNA and expressed as fold relative to the IgG control. ChIP primers used in the studies are provided in Table 1 .
Statistical analysis
All values were presented as the mean AE S.E.M. The soware program GraphPad Prism version 5 (San Diego, CA) was used for statistical analysis. The statistical signicance of differences between two groups were determined by Student's t-test, and One-way ANOVA was employed to compare the differences of The mRNA levels were standardized to GAPDH. In west blotting analysis, specific band intensity was quantified, normalized to GAPDH. Data are the mean AE S.E.M. (n ¼ 5). *P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle or DMSO, ## P < 0.01 vs. ANIT group.
multiple groups. Differences with P < 0.05 were considered statistically signicant.
Results
GE ameliorated ANIT-induced hepatic injury and serum levels of IL-1b and IL-6
The serum levels of ALT, AST, ALP, TBIL, DBIL, and TBA were measured as markers of liver injury with cholestasis. As shown in Table 3 , all of them in ANIT group were markedly increased compared with the vehicle group. However, mice in GE + ANIT cotreatment group had signicant lower levels of the above parameters when compared to ANIT group. These data demonstrated that GE could attenuate ANIT-induced hepatic injury. The result showed that signicantly elevated serum levels of IL-1b and IL-6 in ANIT group were signicantly attenuated by GE treatment.
Effect of GE on bile excretion
As shown in Table 3 , ANIT decreased bile ow at 48 h aer administration. The bile ow in ANIT group was about half that in the vehicle group (P < 0.001). The bile ow of GE + ANIT cotreatment group was increased 1.4-fold (P < 0.01) compared with ANIT group, indicating that GE could ameliorate the ANITsuppressed bile ow.
GE displayed no inuence on HepG2 cell viability
The effects of administered concentrations of GE on HepG2 cell viability were examined by CCK-8 assay. The result indicated that incubation with GE (1-100 mM) for 24 h had no effect on the viability of HepG2 cells (Table 4) , which was consistent with those of previous studies. 32, 33 3.4 GE up-regulated BSEP expression in vivo and in vitro GE exhibited anti-cholestasis effect. BSEP is the main bile acids efflux transporter, which is important to maintain bile acids homeostasis in the cholestatic disease. Fig. 1A illustrated that ANIT group showed no signicant change in the expression of BSEP. Notably, GE cotreatment signicantly promoted BSEP mRNA and protein expression (4.9-and 2.5-fold, respectively) in vivo ( Fig. 1A and C) . These results indicated that the signicant elevation of BSEP may contribute to GE anti-cholestasis effect against ANIT. To further corroborate experimental results in vivo, HepG2 cells were treated with 25, 50, and 100 mM GE and measured the mRNA levels of BSEP. GW4064 (5 mM) and DMSO (0.1%) were included in the treatments as positive and negative control, respectively. As shown in Fig. 1B , the induction of BSEP expression by GE showed concentration-dependent manner with doses of 25-100 mM and a marked increase at the concentration of 100 mM compared with vehicle control. These results conrmed that GE could induce BSEP expression in vivo and in vitro. 
GE induced FXR and Nrf2 expression in vivo and in vitro
The expression of hepatic BSEP gene was regulated by a network of transactivation pathways, including FXR and Nrf2. To further investigate which transcriptional factors modulate the expression of BSEP, the effects of GE on mRNA expression of FXR and Nrf2 had been measured in ANIT-induced cholestatic mice and HepG2 cells. Fig. 2A showed that GE treatment alone had little impact on the mRNA levels of FXR, while the mRNA expression of Nrf2 was increased in vivo. GE co-treatment resulted in a signicant up-regulation of FXR and Nrf2 mRNA expression by 2.9-and 2.3-fold over ANIT group, respectively. To determine whether changes in mRNA expressions of FXR and Nrf2 aer GE treatment corresponded with protein levels, western blotting analysis was performed. FXR and Nrf2 nuclear protein expressions were signicantly increased in GE co-treatment group compared with ANIT group (Fig. 2B) . The results conrmed that FXR and Nrf2 expression were up-regulated by GE in ANITinduced cholestatic mice.
The effects of GE on mRNA expressions of FXR and Nrf2 were also measured in HepG2 cells. As shown in Fig. 2C , GE dosedependently increased mRNA expression of FXR and Nrf2, which increased approximately 4.3-and 2.4-fold at the concentration of 100 mM in HepG2 cells. To conrm the qRT-PCR results regarding induction of FXR and Nrf2 by GE, the protein levels were further detected using western blotting analysis, and the results were similar to mRNA results (Fig. 2D) . The marked induction of FXR and Nrf2 nuclear protein levels were detected in the presence of GE.
Downregulation of FXR and Nrf2 diminished the effect of GE on BSEP expression in HepG2 cells
To further demonstrate whether FXR and Nrf2 activation are required for GE-mediated up-regulation of BSEP, gene silencing experiments were performed using HepG2 cells. The knockdown efficiencies were assessed by qRT-PCR and western blotting. As anticipated, the protein expressions of FXR and Nrf2 were all reduced over 70% compared with that cells transfected with the negative control-siRNA (Fig. 3A) , and decreased mRNA expressions were also observed (Fig. 3B) . Following FXR and Nrf2 knockdown and cotreatment with 100 mM GE for 24 h, the mRNA expressions of BSEP were reduced to different degrees. FXR and Nrf2 silence reduced the BSEP mRNA expressions by 59% and 35% compared with si-Control, respectively (Fig. 3C) . BSEP expression was efficiently blocked in FXR knocked-down cells aer treatment of GE. The results suggested that FXR activation mediated BSEP up-regulation by GE, while Nrf2 activation is mildly involved in the BSEP expression by GE.
Expressions and localizations of FXR and BSEP aer GE treatment in HepG2 cells
Confocal microscopy was carried out to investigate the expressions and localizations of FXR and BSEP aer GE treatment. Aer immunostaining, labeled cells were scanned under 488 nm wavelength excitation and images were obtained as single transcellular optical sections. As shown in Fig. 4A and B, relatively weaker signals were measured with DMSO-treated cells and signals were increased aer treatment of GE. Endogenous FXR was observed to accumulate predominantly in the nucleus and BSEP was observed to locate in the membrane of HepG2 cells aer treatment of GE. Immunouorescence studies in HepG2 cells further conrmed that GE activated the nuclear receptor FXR and promoted the key efflux transporter BSEP expression.
GE activated FXR to modulate BSEP transactivation in HepG2 cells
To investigate whether GE-mediated modulation of BSEP mRNA expression through FXR signaling pathway, we subsequently transiently cotransfected with pBSEP-Luc and FXR expression plasmid in HepG2 cells, followed by treating transfected cells with DMSO (0.1%), GW4064 (5 mM) and increasing concentrations of GE (25, 50 , and 100 mM), and examined using luciferase reporter assay. As shown in Fig. 5B , in the presence of FXR, the level of basal transactivation of BSEP promoter was increased by GE in a dose-dependent manner, and an additional more than 3.2-fold induction was measured aer treatment with GE (100 mM). The results indicated that GE regulated BSEP expression at the transcriptional level through FXR signaling pathway.
To further determine whether GE increased the binding of FXR to BSEP promoter, a ChIP assay was performed in HepG2 cells. As shown in Fig. 5C , a band was observed in all inputs. Upon GE (100 mM) treatment, the recruitment of FXR to the BSEP promoter was robustly enhanced when chromatins immunoprecipitated with FXR antibody. In contrast, no enrichment was detected aer chromatins immuneprecipitated with IgG, indicating the association of BSEP with FXR is specic. Results of qRT-PCR of the BSEP promoter locus showed a 6.1-fold increase in the signal relative to IgG control when antibody to FXR was used for ChIP (Fig. 5D ). These data supported the notion that FXR was specically recruited by GE and bound to the BSEP promoter.
3.9 siRNA knockdown of CARM1 or PGC-1a abolished BSEP mRNA induction by GE Several coactivators CARM1, PRMT1, SRC-1 and PGC-1a are recruited to BSEP promoter upon FXR activation. To address the question of whether these coactivators are involved in regulation of FXR transcriptional activity in the presence of GE, siRNA silencing experiments were performed in HepG2 cells. As a result of CARM1 or PGC-1a depletion, the BSEP mRNA expression declined signicantly (Fig. 6C) , whereas PRMT1 or SRC-1 knockdown slightly modulated BSEP expression in response to GE. It is speculated that GE enhanced endogenous CARM1 and PGC-1a interaction with FXR in HepG2 cells.
Coactivators CARM1 and PGC-1a were predominantly recruited to the BSEP promoter upon FXR activated by GE
Having demonstrated that CARM1 and PGC-1a are involved in BSEP transcriptional activation, ChIP assays were carried out to conrm that GE increased CARM1 and PGC-1a associated with the FXRE in the BSEP promoter in HepG2 cells. Fig. 7A and C showed a representative gel of PCR reaction from ChIP experiment, indicating recruitment of CARM1 and PGC-1a to BSEP promoter in the presence of GE in HepG2 cells. Similar results were observed in qRT-PCR detection ( Fig. 7B and D) , which showed a 3.8-fold increase in the signal relative to IgG control when antibody to CARM1 was used for ChIP, while a 3.5-fold increase when antibody to PGC-1a was used. These ndings provided evidence that GE increased recruitment of coactivators CARM1 and PGC-1a to the FXRE in the BSEP promoter.
Discussion
The present study demonstrated that GE acted as an FXR activator to regulate the expression of BSEP. The conclusion is supported by the following results.
(1) GE induced BSEP, FXR, and Nrf2 expression in vivo and in vitro; (2) depletion of FXR and Nrf2 by siRNA diminished the increase in BSEP mRNA expression in the presence of GE; (3) reporter assays demonstrated that GE dose-dependently activated FXR to induce BSEP transactivation, and ChIP assays further veried that FXR bound to the genomic BSEP promoter locus aer GE treatment; (4) siRNA and ChIP assays demonstrated that PGC-1a and CARM1 were the predominant coactivators recruited to the BSEP promoter upon FXR activation by GE. The recommended clinical dose for G. jasminoides is 6-10 g.
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The average content of GE was 60 mg mg
À1
. 35 Thus, the highest daily dose of GE for 60 kg human is 10 mg kg
. According to the dose conversion method between animal and human, 36 dose of GE 150 mg kg À1 used in mice in this study could be converted to estimate human equivalent dose 10.6 mg kg
. According to our previous study at dose of GE 100 mg kg À1 in rats 29 and reported studies at the dose of GE 100-200 mg kg À1 in mice, 37,38 dose of GE 150 mg kg À1 was used in mice in this study.
Conventional and high-dose GE exhibited opposite effect on the mRNA expression of FXR and BSEP. High-dose GE ($280 mg kg À1 ) could cause distinct liver injury in rats. Tian et al.
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investigated GE-induced hepatic injury aer intragastric administration of 100 mg kg À1 or 300 mg kg À1 GE to healthy rats. The 300 mg kg À1 GE caused liver injury and increased serum biochemical parameters. Author assumed that 300 mg kg À1 GE-induced rat liver injury was likely cholestatic. High dose of GE inhibited the mRNA expression of FXR, BSEP, and multiple transporters involved in bile acids transportation. In comparison, administration of 100 mg kg À1 GE showed no signs of liver damage in rats. The mRNA expression of FXR and BSEP showed weak difference between the control group and 100 mg kg À1 GE.
In this study, FXR and BSEP expression were not induced by GE in the vehicle control group in mice. The result is consistent with the reported study. 39 However, BSEP and FXR expression were signicantly elevated in mice treated with GE + ANIT. Bile acids synthesis, metabolism, and transport are regulated via nuclear receptors and transcription factors to maintain bile acids homeostasis. Endogenous bile acids have differing abilities to bind to nuclear receptors to facilitate the positive feedforward and negative feedback regulation of hepatic transport. Bile acids-mediated BSEP expression is likely to be inuenced by intracellular bile acids ux rather than steady state concentration. 40 Endogenous bile acids exhibit different ability to activate FXR.
19 ANIT can cause intrahepatic cholestasis which is characterized by bile acids accumulation in hepatocytes. Under cholestatic conditions, adaptive mechanisms are activated to counteract cholestatic liver injury. However, these adaptive response mechanisms are not always sufficient to prevent bile acids toxicity. Xenobiotics can augment the intrinsic adaptive pathways in animal models of cholestasis. 41 In this study, both luciferase and ChIP assay conrmed the interaction between FXR and BSEP aer GE treatment. Therefore, GE can induce hepatic export through activating FXR under pathologic condition. In contrast, GE (150 mg kg À1 ) showed no hepatic injury aer intragastric administration to healthy mice. The total bile acids in general remained unchanged compared to vehicle control group (Table 3) . Thus, mRNA and protein expressions of FXR and BSEP resulted no changes. The current work demonstrated that GE increased the FXR mRNA and protein expressions in vivo and in vitro. FXR is a key regulator of bile, fat, and glucose homeostasis and suppresses the inammatory response. FXR activation can inhibit inam-mation in the intestine and liver in vivo. 42 Thus, FXR activation by GE may be benecial in attenuation of inammation and treating cholestasis disorders.
It is already known that BSEP was regulated by transcription factors FXR and Nrf2. BSEP expression was induced signicantly through Nrf2 binding to the antioxidant responsive element (ARE) in the BSEP promoter. Nrf2 is a major regulator of antioxidant and cytoprotective genes, which can reduce the oxidative burden by decreasing detoxication of chemicals via efflux transportation. 43, 44 ANIT administration led to intrahepatic cholestasis. Cholestasis results in increased production of oxidative stress and toxic bile acids, which are capable of activating Nrf2 through induction of cytoprotective genes that help protect cells against bile acids toxicity. 45 GE antagonized oxidative stress through Nrf2 pathway. 46 In this study, it was demonstrated that GE increased the expression of Nrf2 at both mRNA and protein in cholestatic rats and HepG2 cells. The induction of GE on BSEP expression was mildly attenuated by transfection with Nrf2 siRNA, which suggested that Nrf2 is mildly involved in BSEP up-regulation effect of GE in HepG2 cells.
To conrm FXR mediating the up-regulation of the BSEP expression by GE, gene silencing experiment was performed in HepG2 cells. In vitro results demonstrated that the signicant induction of BSEP by GE was abolished aer FXR silencing. To further ascertain whether transcriptional activation of the BSEP gene was caused aer FXR activation by GE, the dual luciferase reporter assays and ChIP assays were performed in HepG2 cells. Luciferase assay conrmed that GE dose-dependently induced transactivation of BSEP through activating FXR in HepG2 cells. ChIP assays further demonstrated that FXR can directly interact with the promoter region in the BSEP gene and is important for BSEP gene regulation. Taken together, these results strongly indicate a specic role of GE in activating FXR and mediating BSEP expression.
It has been reported that bile acids increased coactivators including CARM1, PRMT1, SRC-1, and PGC-1a recruitment in the BSEP promoter through FXR. CARM1 and PRMT1 are important histone methyltransferases in mammalian cells, and SRC-1 is a member of p160 family of acetyltransferases. CARM1, PRMT1, and SRC-1 activate FXR through the remodeling of chromatin by histone modication.
18,47 PGC-1a, a key regulator of energy homeostasis, is the primary coactivator recruited to the BSEP promoter upon FXR activation. 21, 48 The present study demonstrated that GE signicantly decreased the mRNA levels of BSEP aer knockdown of CARM1 and PGC-1a by siRNA. In addition, the association of coactivators CARM1 and PGC-1a with the FXRE in the BSEP promoter were prominently increased aer treatment with GE. To sum up, GE induced BSEP expression through rising occupation of coactivators CARM1 and PGC-1a to FXR-regulated BSEP promoter.
Conclusion
In summary, GE induced BSEP expression in vivo and in vitro. GE induced BSEP transactivation through increasing FXR interacting with the BSEP promoter. Furthermore, coactivators PGC-1a and CARM1 interact with FXR to enhance the transcription of BSEP in the presence of GE. Given that G. jasminoides is one of the most extensively-used herbal medicines for the treatment of cholestatic hepatic disorders, these ndings may represent a mechanism for the clinical use of Fructus Gardeniae to alleviate cholestasis. GE may be a candidate compound for maintaining bile acids homeostasis.
